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INTRODUCTION 

As is well known, the skin of bats is very sensitive to tactile 
stimulation. These animals in captivity give vigorous responses 
when various parts of their bodies and membranes are touched. 
Even eighteenth century investigators thought the integument 
of bats was especially adapted for the perception of delicate 

^ Contributions from the Zoological Laboratory of the University of Illinois, 
under the direction of Henry B. Ward, No. 29. 
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302 JAMES EDWARD ACKERT 

tactile stimuli, for Spallanzani and Cuvier obsersred that bats 
deprived of sight avoided smkll objects with accuracy. Cuvier 
found the wings to be supplied with an enormous number of 
nerves, and thought that during flight the blinded bat, on ap- 
proaching the object, sets up air currents, which, reacting on the 
sensitive patagium and external ears, enable the animal to avoid 
the obstacle. That the sense of touch is more highly developed 
in bats than in other manmials was asserted by Schobl (71), 
who described 'Terminalkorperchen' at the bases of the hairs. 
Moreover, Redtel, two years later, maintained that it is possi- 
ble for these animals to perceive the slightest difference of ex- 
ternal air pressure upon their wings. 

The extreme sensitiveness of the integument of these animals 
and the possibilities of modern technique seemed to justify a 
further search for sensory structures in their skin. Moreover, 
at the time this work was begun, no investigator had made an 
extensive study of the innervation of the skin of bats since Schobl 
published in 1871 his account of the terminal corpuscles in the 
fljring membrane. 

The work has been carried on in the Zoological Laboratory 
of the University of Illinois under the direction of Prof. Frederic 
W. Carpenter, to whom I am indebted not only for his personal 
interest in the progress of the work, but also for his constant 
advice and helpful criticisms. 

MATERIAL AND METHODS 

The material for this investigation consisted of forty-one bats 
of which thirty-one were cave bats (Myotis lucifugus) from 
Indiana. The remainder, the common red bats (Myotis sub- 
ulatus), were taken in the vicinity of Urbana, Illinois. 

Mo^t of the material was prepared by an intra vitam meth- 
ylene blue method. The blood was washed out of the freshly 
etherized animal, and a 1 per cent solution of methylene blue in 
distilled water injected into the arterial system through the heart. 
After leaving the animal, with its vessels full of staining fluid, freely 
exposed to the air for oxidation, the fluid was washed out with 
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Ringer's solution, and small pieces of tissue fixed in a cold 8 per 
cent solution of ammonium molybdate in distilled water. The 
tissues were then dehydrated, cleared in xylol, and imbedded in 
paraffine. Sections of 20m were thick enough to enable one to 
follow the nerve fibers some distance, and sufficiently thin to 
admit ample light. For checking results other methods of pre- 
paring material were employed. The killing and fixing fluids 
used for this purpose were corrosive sublimate and acetic acid, 
Zenker's fluid, ammoniacal alcohol, and 10 per cent formol. 
The stains used included silver nitrate (Cajal method for nerve 
fibrils), carmalum as a counter stain for methylene blue, Mallory's 
connective tissue stain, Heidenhain's iron hematoxylin, Hanson's 
hematoxylin and orange G, and Delafield's hematojcylin and 
eosin, the last of which proved the most satisfactory for general 
use. 

OBSERVATIONS AND DISCUSSION 
GENERAL STRUCTURE OF THE INTEGUMENT 

1. Integument of the body 

The skin of the body of bats is covered with hair which, as 
Allen ('93) has found, varies in different regions in texture and 
amount. In general, the crown' of the- head, the neck, the sides 
of the imder surface of the body, the rump and the pubis have a 
thick pelage, while the distal portions of the ears, the soles of the 
feet, the mammae and the external genitalia are almost naked. 
The snout is scantily clothed, but shows a limited number of 
vibrissae which arise from wart-like structures. 

In different regions of the body the skin varies greatly in thick- 
ness. The integument of the face is the deepest; that of other 
parts of the body diminishes in depth gradually in the following 
order: palmar region, plantar region, rump, ventral thoracic 
region, crown, and dorsal thoracic region. 

As a rule, some difficulty is experienced in distinguishing all 
the layers commonly foimd in the human integument. In the 
epidermis the Malpighian or deeper stratum can be readily 
made out. Its deepest layer is made up of subcolumnar cells. 
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The intermediate layer of polygonal cells is for the most part 
absent, though in places (e.g., the face) it appears as a single 
sheet of isolated, more or less flattened cells, whose nuclei are 
somewhat reduced in size (fig. 1). Numerous pigment granules 
are present in this layer (fig. 1, pgr). 

The stratmn comeum is thickest in the palmar and plantar 
regions. It is made up of several layers of cornified epitheUum, 
the outer ones of which are usually in the form of loose scales. 
The deeper layers are more compact, and appear to consist of 
flat, enucleate cells. In certain regions of the body (Uning of the 
mouth, limibar region) these layers resemble to some extent the 
stratum lucidum of the human skin, but the presence of this 
stratum can be made out definitely only in the palmar and plan- 
tar regions (fig. 2, si). 

The surface of the epidermis is frequently interrupted by 
hairs, and also by the openings of ordinary sudoriparous and of 
modified sweat glands as Diem C07), Porta ('10) and others have 
shown. The ordinary sweat glands and the modified sweat 
glands may open into the hair follicle, or independently on the 
surface. The distribution of skin glands over the body is very 
variable. Though not numerous in the region of the rump, 
sweat glands are, however, present. This is in accord with Diem's 
results, but opposed to those of 'Hoffman C98). The writer was 
unable to find sweat glands in the sole of the foot, and agrees 
with Toldt ('07) that these glands do not occur in the ball of the 
thumb. Toldt found numerous glands in the 'Saugescheibe,' 
and also large groups of glands in the region of the neck and of 
the external genitalia. The upper lip is more abundantly sup- 
plied with skin glands than any other part of the body. 

As is frequently the case, the superficial layer of the corium, 
the stratum papillare, is raised into ridges and papillae which 
project into the epidermis. These are most marked in the upper 
lip, where simple and compound papillae are present. The 
interlacing strands of connective tissue and the reticulum of 
elastic fibers which together form the ground work of the corium 
are comparatively fine and closely packed, thus causing this 
layer to be somewhat dense. Mallory's connective tissue stain 
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shows that the general direction of these strands and fibers is 
parallel with that of the stratum Malpighii. While it is not pos- 
sible to determine a boundary between the stratum papillare 
and the stratum reticulare, yet the deeper connective tissue 
bundles of the latter are obviously more loosely interwoven 
than those of the superficial layer of the corium. As in other 
mammals, the corium contains blood vessels, hair follicles, seba- 
ceous glands, sudoriparous glands, striated and smooth muscle 
fibers, nerve tnmks, medullated and non-medullated nerve 
fibers, tactile corpuscles, and nerve endings. The last three 
structures mentioned will be described in detail later. 

As has been noted, the upper Up of the bat is richly supplied 
with skin glands. One type of these, the modified sweat gland, 
differs somewhat from the typical sweat gland, so a description 
of its structure may not be out of place here. Compared with 
a hair foUicle, this gland is enormous in size. It consists of a 
long, uncoiled secreting portion with an extended funnel-shaped 
duct. The secretory portion is lined by a single layer of colum- 
nar cells with finely granular protoplasm and round or oval 
nuclei (fig. 3, cc). Leydig, Schobl and Sabussow ('10) have 
called attention to the fact that these large modified sweat 
glands (in the flying and interf emoral membranes) have a coat- 
ing of smooth muscle fibers, which, by their longitudinal course, 
cause a slight spiral striping of the gland. This coating of muscle 
fibers (fig. 3, mf) hes between the layer of columnar cells and an 
external covering or basement membrane (fig. 3, 6m). The 
latter is homogeneous and without nuclei. The duct of the gland 
is lined throughout by short, somewhat irregularly cubical cells, 
arranged in a single layer, and surroimded by a delicate basement 
membrane. Not infrequently secretion products are found in 
the lumina of the glands. The products are more or less similar 
in appearance to what Wimpfheimer ('07) terms degeneration 
products ('detritus') found in uncoiled sweat glands in young 
moles. 

It is worthy of remark that pigment cells occur in the corium 
both of the body integument and of the flying and interfemoral 
membranes (fig. 2, pc). In the corium of the integument they 
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are numerous, and appear to be scattered about promiscuously. 
Their form is very variable. They may be spherical, oval, elon- 
gate and slightly spiral, heart-shaped, pear-shaped, raggedly 
lobulate, and with or without processes (fig. 5). In size they 
vary from 34^ in length and 25.5m in width to 374m in length and 
60m in width. The cell body is filled with fine brown granules. 
In hematoxyhn-eosin preparations a few of the granules usually 
take the dull blue stain of the h'ematoxyUn, while in the methyl- 
ene blue material some or all of the granules may stain a bright 
blue. Figure 5, h represents a pigment cell containing stained 
and unstained granules. 

S. Flying and interfemorcd membranes 

The flying membrane of bats is a skin dupUcature formed by 
the lateral extension of the dorsal and ventral integument of the 
body. The proximal parts of the membranes are covered with 
fine hairs similar of those of the pelage, while over the distal 
areas extremely fine, more or less modified hairs occur sparsely. 
In the natural condition there is a manifold wrinkling and plait- 
ing due to numerous elastic bands within the membrane (Schobl). 

Externally the flying membrane is made up of small, hexag- 
onal, plate-like cells which form a continuous membrane. Each 
cell contains pigment granules which are collected into an intra- 
marginal zone much as Schobl has described (p. 4). This in- 
vestigator reports that the center and border of the cell (in 
Vesperugo serotinus) are free from pigment granules. In Myotis 
lucifugus and M. sublatus the writer found pigment in both of 
these regions, but in smaller quantities than in the intra-marginal 
zone. The cells of the outer (dorsal) surface of the flying mem- 
brane contain more and darker pigment granules than do those 
of the inner (ventral) surface (Schobl). In fact this surface in 
places contains almost no pigment. 

As in the integument of the body the epidermis of the flying 
membrane stands out in the sections in contrast to the cutis. 
The Malpighian layer also can be readily distinguished from 
the stratum corneum. According to Schobl's studies the Mal- 
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pighian stratum is composed of two layers of scattered cells. 
The writer, however, finds that one layer of cells occurs quite 
as frequently as two. The nuclei of the deeper layers of both 
dorsal and ventral sides are sUghtly more oval than those of the 
more superficial layers, the latter being somewhat flattened. 
From the shape of the nuclei one would infer that when a single 
layer occurs it is the outer one. In the Malpighian stratum of 
the dorsal side of the patagium numerous pigment granules are 
present, while in this stratum on the ventral side very little pig- 
ment occurs. Aside from being somewhat thinner, the stratum 
corneum does not differ from the corresponding structure in the 
skin of the body. 

The tissue enclosed between the dorsal and ventral Malpigh- 
ian strata of the patagium constitutes the corium, which varies 
in thickness in different regions. In both the flying and inters 
femoral membranes it is thickest near the body, while in the more 
distal areas it gradually becomes thinner. 

The corium is made up of three poorly defined strata of con- 
nective tissue, a central, somewhat loose one, corresponding to 
the stratum reticulare of the body integument, and two others — 
one on either side — of denser tissue, more or less similar to the 
stratum papillare. The chief arteries, which are accompanied 
by the larger veins and nerve trunks, cause this stratum to be 
much thicker in those regions where they occur than elsewhere. 
Although the outer surfaces of this stratum are thrown into folds 
to some extent, the writer has been unable to find papillae. 

In the stratum reticulare are contained the larger blood vessels 
and nerves, and the striated muscle bundles and elastic bands 
(Balken) first described by Leydig, whose results were later 
confirmed by Schobl. Here also are found the secreting portions 
of sweat glands, and the proximal third of hair follicles. The 
outer' stratum of the corivmi contains the central portions of the 
hair folUcles, their sebaceous . glands, and the sweat glands. 
Each follicle, with the sebaceous, sudoriparous and modified 
sweat glands associated with it, is surrounded by a capillary 
network. 
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• NERVE LAYERS OP THE INTEGUMENT 

1 . Nerve layers of the body integument 

In the subcutaneous tissue and in the reticular stratum of 
the body integument, are large medullated nerve trunks and 
branches which, for convenience, are called the first nerve layer. 
By dichotomous branching these nerves break up into a loosely 
intertwined meshwork consisting of an enormous number of 
medullated nerves. These interwoven nerves, which are not 
actually united in a plexus, constitute the second nerve layer 
(fig. 4, snl). Arising from the latter are medullated nerves which 
pass toward the periphery. Near the outer surface of the corium 
they begin to divide. The resulting non-meduUated branches 
pass directly to the Malpighian stratum, forming the third nerve 
layer (fig. 4, tnl). Ordinarily so much pigment is present here 
that it is impossible to follow the fibrils to their endings. How- 
ever, in places where the epidermis has accidentally been torn, 
one can readily trace the fibrils well into the Malpighian stratum, 
noting branching fibrils which pass outward and terminate in or 
between the cells of the stratum granulosum. As these can be 
traced more readily in the membranes where little or no pigment 
is present they will be considered more fully later (p. 313). Vari- 
cosities are numerous both in the second nerve layer and along 
the fibers which pass to the third layer (figs. 14, 15, 16, 17). The 
greater number of these enlargements, however, occurs on the 
smaller fibers. Varicosities in the third nerve layer, that is, on 
the surface of the corium or in the Malpighian stratum, have 
not as yet been observed by the writer. As the literature on nerve 
layers in the skin of bats deals almost entirely with these layers 
in the patagium, the brief historical survey will be given in the 
consideration of the flying membrane. 

5. Nerve layers of the flying and interfemoral membranes 

As early as 1796 Cuvier called attention to the abundance of 
nerves in the flying membranes of Chiroptera. Leydig, a half- 
centiuy later, while differing somewhat with Cuvier as to the 
number of nerves present, admitted that these membranes are 
richly innervated. 
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The first investigator, however, to make an intensive study 
of the arrangement of the nerves in the flying mernbranes was 
Schobl (71), who states that the nerves of the patagium are 
naturally divided into five layers. The first layer, situated in 
the innermost stratum of the flying membrane, contains the 
larger nerve trunks, the main blood vessels, the chief muscles 
and the elastic bands. The second nerve layer is double, one 
part lying above, and its duplicature below the first layer. The 
nerve trunks of this layer branch dichotomously again and 
again, forming an irregular network. The third layer of nerves, 
which is also double, Ues external to the previous one, on a level 
with the finest blood vessels. As to the size of the nerve trunks 
of this layer, Schobl states that they consist usually of two, very 
rarely of four, non-medullated fibers. The fourth nerve layer, 
likewise double, lies outside of the third. It consists through- 
out of an irregular net of single non-medullated fibers. The 
meshwork in this layer, however, arises not by an interlacing 
of fibers, as is the case in the other two layers, but by direct 
anastomosis of single non-medullated fibers. On certain fibers 
of this layer Schobl noted a number of enlargements or swellings 
('Krootenpimkten'), which were triangular, square, or poly- 
hedral in form, having a fine granular appearance, but exhibit- 
ing no nuclei. He also occasionally saw more or less similar 
spindle-shaped enlargements in the course of a single fiber, 
especially the larger ones. The fifth and last nerve layer, also 
double, Ues immediately over the previous one on the surface 
of the cutis, ordinarily remaining attached to the deepest cells 
of the Malpighian stratum. The fibers of this layer are likewise 
non-medullated, and have a diameter ranging from 0.9m to 
immeasurable fineness. This layer arises from the previous 
one by the division of the finest fibers of the latter. At the places 
of division of the fibers, the swellings which were found so fre- 
quently in the last nerve layer seldom occur in this one, and the 
spindle-shaped variety is lacking entirely. This layer of ex- 
tremely fine non-medullated nerve fibrils lying immediately at 
the surface of the corium, partly between the lowest cells of the 
Malpighian stratum, Schobl holds as a terminal. He further 
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states that in preparations in which the lowest cells of the Mal- 
pighian stratum remain undisturbed on the corium, no free 
endings of the finest non-meduUated nerve fibrils are found, and 
that fibrils passing further toward the surface between the cells 
of the stratum granulosum, are never to be found either on the 
surface of the preparation or in cross section. He pointed out, 
however, that occasionally round or elliptical, swollen structures 
resembling fine nerve endings are to be seen, but these almost 
always prove to be nodal points of division of nerve fibrils. These 
minute swellings occurred so seldom that Schobl attributed their 
presence to faulty technique. 

Sabussow ('10), working on the innervation of the fljnng 
membrane, did not wholly accept Schobl's idea of the distribu- 
tion of the nerves of this part of the body. This investigator 
found large nerve trunks in the innermost stratum of the pata- 
gium, but held that Schobl's second nerve layer lay in the same 
plane as the first, and consequently could not be said to exist as 
a separate nerve layer. Concerning Schobl's third nerve layer 
Sabussow simply stated that it is not double. But this investi- 
gator confirms the existence of the fourth nerve layer of Schobl, 
adding that, no matter how the membrane be torn, this layer can 
be seen to be double. He also confirms Schobl's fifth layer, 
which is non-medullated and double; but instead of the few 
'swellings* which Schobl observed, Sabussow found numerous 
varicosities. The latter sums up the layers he found as follows: 
(1) a simple layer including the first two layers of Schobl; (2) 
a broadly meshed double network with triangular enlargements 
in it; (3) a network of varicose fibers also double. Consequently 
according to Sabussow, there are five nerve layers in the patagium. 

In transverse sections of my own preparations of the flying 
and interfemoral membranes there can readily be seen, here and 
there, regions which are approximately twice as thick as that of 
the remaining area of these membranes. It is in these thickened 
regions that the chief arteries, veins, nerve trunks and frequently 
the principal muscle bundles are found. These particular 
regions contain, as will be shown, one more layer of nerves than 
do the others. 
•••••• 
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The main blood vessels, accompanied by the chief nerve 
trunks, pass out from the body through the flying and inter- 
femoral membranes in the stratum reticulare, giving off, here and 
there, important branches, which, as stated, are frequently 
foimd with the muscle bundles. These blood vessels,- partly 
because of their own size, and partly on account of the increased 
amount of connective tissue around them, cause the elongated 
thickenings or ridges already referred to in these membranes. 
The medullated nerve trunks and their chief branches, both 
found in the innermost stratum (reticulare) and existing only 
in the aforesaid ridges, constitute the first nerve layer. ^ The 
second, a double layer of nerves, arises from the first by repeated 
dichotomous branching, traverses the deeper part of the corium, 
and spreads throughout the entire area of the flying and inter- 
femoral membranes. In methylene blue preparations this layer 
is seen to consist of a loose network of medullated nerve fibers, 
many of which contain comparatively large varicosities (fig. 13, va) . 
The third and last nerve layer is likewise double. Numerous 
medullated fibers arising from the second nerve layer pass toward 
the two external (dorsal and ventral) surfaces of the membranes. 
Many of these fibers, on approaching the Malpighian stratum, 
divide dichotomously; others do so at the surface of the corium. 
Both lose their meduUation. The forked branching continues 
to some extent in the Malpighian stratum, the larger fibrils giv- 
ing off smaller ones, imtil finally delicate nerve threads end in 
minute enlargements, which will be described in detail later. 
These branchings of non-medullated nerve fibrils at the surface 
of the corium and in the stratum Malpighii constitute the third 
nerve layer. While varicosities of different sizes (figs. 13, 14, 15) 
appear in the nerve fibers leading up to this layer, the writer has 
not observed them in the latter. 

According to the present observations, then, certain regions 
of the flying and interfemoral membranes are supplied with three 
layers of nerves, others with but two. Briefly stated their 
number and distribution are as follows: 

1. A layer of medullated nerve trunks and numerous medul- 
lated branches, occurring in the stratum reticulare, but only in 
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the elongated ridges containing the largest blood vessels and 
much connective tissue. 

2. A double meduUated nerve layer in the deeper part of the 
corium, extending throughout the membranes. 

3. A layer, likewise double, present in the entire Malpighian 
stratimx, and consisting of numerous branches of non-medul- 
lated nerve fibrils. 

A comparison of the foregoing results shows that the first 
nerve layers of Schobl and of the writer coincide; that Sabussow^s 
first layer included Schobl's first and second layers and the 
writer's first, together with the innermost branches of his second 
nerve layer. A study of sections from different parts of the 
membranes has convinced the writer that Schobl's second, third 
and fourth nerve layers may well be considered as one layer, the 
writer's second. Close to the body, where these membranes 
are thick, and where Schobl probably made his observations, 
since he especially recommended this region for study, it is true 
that the writer's second layer is thicker dorso-ventrally than it is 
near the elbow, or in the region midway between the body and 
the tail. But at the periphery, between the elongated phalanges, 
and near the posterior border of the interfemoral membrane, 
where the skin duplicature is thin, this nerve layer is exceedingly 
compressed. The contention of Sabussow that Schobl's second 
nerve layer lay in the same plane as the first, and consequently 
could not be considered as a separate layer, is not supported 
by the present observations. Schobl's first layer is to be found 
in the stratum reticulare, while the second, arising by repeated 
dichotomous branching of the first, takes a position in the deeper 
part of the superficial layer of the corium. The writer's second 
nerve layer corresponds to Schobl's second, third and foiu-th 
layers, while Sabussow's second layer includes the third and fourth 
layers of Schobl, and the greater part of the writer's second. The 
third nerve layer of Sabussow and of the writer, respectively, 
corresponds to Schobl's fifth. 
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NERVE ENDINGS IN THE INTEGUMENT 

The nerve terminations in the integument of Chiroptera may 
be grouped into five classes as follows: 

1. Free nerve terminations in the epidermis 

2. Nerve endings on hairs 

3. Special sensory end-organs 

a. End-bulbs 

b. Terminal corpuscles 

4. Motor nerve endings on jstriated muscles 

5. Nerve endings on modified sweat glands 

1 . Free nerve terminations in the epidermis 

As was stated in an earlier part of this paper (p. 308), free nerve 
endings in the form of minute swellings were observed in the strat- 
um Malpighii. These free nerve terminations or end-knobs can 
most readily be seen in sections of the ventral portions of the 
membranes, where little or no pigment is present. Especially 
desirable for this purpose are oblique sections, or those which 
contain small areas of the surface of the membrane (fig. 6). In 
such sections it is possible to focus down through the trans- 
parent stratum corneum, thereby obtaining distinct views of the 
deeply stained (blue) nerves of the third layer (fig. 6, n). The 
latter stand out in bold contrast to the weakly stained cytoplasm 
of the Malpighian stratum. In sections 20m thick one can, by 
focusing, trace non-meduUated nerve fibers, from the point of 
branching near the surface of the corium, on out among the 
deeper Malpighian cells. The larger fibrils and the smaller ones 
given off from them are plainly visible. Finally, among the 
cells of the stratum granulosum (fig. 6, sjrr), the ultimate branches 
terminate in minute round or ovaJ end-knobs (figs. 6, 7, e). 
Similar structures were mentioned but misinterpreted by Schobl, 
who, observing a very limited number of minute roimd swellings 
resembling fine nerve endings in the stratum Malpighii con- 
cluded that they were foreign particles due to faulty technique. 

The end-knobs take a deep blue stain similar to that of ordi- 
nary axis cylinders, and appear to be homogeneous in structure. 
They are oval or spherical, their size varies from 0.5/i in length 
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and 0.4m in width to 0.9/i in length and 0.8/i in width. In the 
sections studied, these end-knobs appear to be numerous. Ordi- 
narily, one to a cell is observed, though occasionally even two 
are seen close to a single cell boundary. Sometimes a tiny fibril 
appears to end without any enlargement (fig. 7, x) . This, however, 
may be due to the failure of the methylene blue to differentiate 
the end-knob, as those who have worked with this stain will 
readily understand. 

That these diminutive enlargements or end-knobs are real 
nerve terminations and not the nodal swellings sometimes seen 
where fibers divide has T3een satisfactorily proven. For example, 
in focusing on the siurface of the transparent stratum corneum 
no knobs nor fibrils can be seen. A deeper focus brings into 
view end-knobs with a fine nerve fibril nmning into each. A 
still deeper focus shows tissue below the end-knobs and enables 
one to follow the nerve fibrils from the now indistinct terminal 
swellings back to the branch from which the nerve fibrils are given 
off. Where little or no pigment is present, these nerve termi- 
nations can be seen without difficulty. 

For a time the writer was unable to determine whether the 
nerve end-knobs are situated in the stratum Malpighii or in the 
deepest layers of the stratum corneum. At length, however, 
a section was found in which a part of the ventral svirface of the 
interfemoral membrane curled up, permitting an obUque view. 
The methylene blue stain was deep enough to show the margins 
of a niunber of consecutive superficial cells of the stratum granulo- 
sum (fig. 6), and little pigment was present. By focusing upon 
this obliquely turned portion of the surface of the membrane, it 
was comparatively easy to distinguish the flat, elongate, scale- 
like cells constituting the stratum corneum from the more oval, 
clearly defined, superficial cells of the Malpighian stratimi. By 
focusing upon the curved siu-f ace it was possible to see a nimiber 
of nerve end-knobs on or near the surface of the stratum granu- 
losum, but as yet no end-knobs have been seen by the writer in 
the stratum comemn. 

The question of the exact position of the end-knobs in respect 
to the epithelial cells naturally arises. It is certain that a large 
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number of the structiires in question are situated on the surfaces 
of the cells (fig. 7, es). Others appear to be within the cytoplasm. 
However, it is frequently possible by focusing to see that these 
end-knobs are after all on the borders of the cells. -If all were 
completely stained, it is not improbable that the remaining end- 
knobs could be shown to be intercellular. 

So far as the writer has been able to ascertain the only refer- 
ence to free nerve terminations in the epidermis of bats is that 
of Botezat ('08). The study of this investigator was made 
principally on the nerves in the epidermis of the dog's nose, but 
he mentioned the finding of intracellular end-knobs ('Endknopf- 
en') in the skin of the nose of the bat. He held that the free 
nerve terminations in the epidermis, not only of bats, but of all 
classes of vertebrates, are intracellular, though none of his figures 
indicates it. Retzius ('92) showed free nerve terminations (in- 
tercellular) in the epidermis of the Up of the human foetus. Of 
free nerve endings in the epidermis of the mouse and of the rabbit 
he made the following statement: "Die feinen, varicosen Nerven- 
fasem verzweigen sich und endigen im Rete Malpighii inter- 
zellular ohne jeden directen Zusammenhang mit Zellen." Van 
Gehuchten, in 1893, described free nerve terminations in the 
epidermis of the face, lip, ear, paw and tail of the white mouse and 
white rat. He likewise found the free nerve endings to be inter- 
cellular. He stated, "Partout nous avons trouv6 I'existence de 
fibres nerveuses intra-^pidermiques se ramifiant et se terminant 
librement entre les cellules ^pitheliales." While Dogiel ('03) did 
not hold intracellular endings as out of the question, yet he was 
strongly of the opinion that the free nerve terminations are 
intercellular. 

2. Nerve endings on hairs 

While the innervation of hairs has for some time been a field 
of fruitful investigation, there still remain some unsolved prob- 
lems in connection with the hair of Chiroptera. In recent years 
especially, more attention has been directed toward the inner- 
vation of tactile or sinus hairs than toward that of the liairs of 
the pelage. The writer's descriptions will be confined wholly 
to the latter. 
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Observations made by diflferent investigators on the inner- 
vation of the hairs of bats have been so conflicting that it seems 
advisable to give a brief review of the Uteratiu^. Schobl (71) 
studied the innervation of the hair of the flying membrane, and 
set forth the following principal points: In the hairs of the bat, 
the nerves terminate in special corpuscles (^Terminalkorperchen*) 
situated at the bases of the hair follicles. The hair receives a 
bundle of nerves which consists of from two to five medullated 
fibers. These twist many times in a spiral about the hair shaft 
forming a nerve wreath or ring. From this spir'al ring two to 
four nerve fibers are given ofif , and these extend downward, end- 
ing in the terminal corpuscle beneath the hair follicle. A super- 
ficial nerve ring which consists of from one to two coils is formed 
by fibers from the fourth nerve layer. Boll ('71), working on 
similar material, confirmed Schobrs observations. 

The following year Stieda took exception to Schobl's account, 
especially in regard to his 'Terminalkorperchen.' This observer 
concluded that the structure in question was not a nervous 
apparatus but rather a differentiated part of the hair follicle 
CHaarkeime'). The nerve ring was not mentioned by Stieda. 

Beil (71) also denied the existence of SchobUs end-corpuscles, 
although he was able to see the nerve ring. Concerning the 
structure of the latter, its cotirse, or the endings of its fibers, he 
could determine nothing definitely. Above the sebaceous glands, 
however, Beil noted the entrance of two or three bundles of non- 
meduUated nerves into the hair follicle. 

Usmg the method described by Schobl himself, Veleeky ('72), 
investigating the flying membrane, likewise did not find the so- 
called end-apparatus; nor did the use of gold disclose these 
'Terminalkorperchen.' By the latter method, however, he dem- 
onstrated non-medullated nerves which approach, from below, 
the cells of the epithelium of the outer root sheath of the hair, 
and spread into the intercellular spaces, forming a net. 

In the same year appeared a more important piece of work by 
Jobert, in which he described in considerable detail the inner- 
vation of the hau- of the bat's wing. The principal points brought 
out were as follows: (1) All the hairs of the skin are supplied 
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with nerves and are perceptive. (2) The afl5rmation of Schobl 
that into each hair follicle there enters one nerve is not true. 
Each hair is supplied with many nerve fibers, five to six or more, 
which approach the folUcle, together or separately, and from 
different sides. They may unite into two or three small trunks. 
On reaching the neck of the hair the nerves divide, lose their 
medullation, and are distributed on the hyaline membrane more 
or less like radiations, ending freely at about the same level. 
(3) The nerve ring of Schobl does not exist, neither do the 'Ter- 
minalkorperchen.' (4) At the level of the superficial subepithelial 
network of nerves, minute threads are seen which surround the 
follicle and disappear m the epitheUal sheath. 

Amstein (76) recognized two different kinds of nerve termi- 
nations on hairs: (1) The free endings on the hyaline membrane 
in the form of a 'palisade;' (2) The nerve network which occurs 
in the outer root sheath. 

Bonnet (78), who investigated the innervation of the hair 
follicles of a number of mammals including the bat, confirmed 
Amstein's observations on the endings of nerves on the hyaline 
membrane. Bonnet's idea was that a nerve ring exists in con- 
nection with each hair. The small fibers which constitute this 
structure lie outside of the straight fibers, which terminate in a 
'paUsade,' and surroimd them much as hoops surround a barrel, 
in the form of a ring consisting of six or more pale ^fibers. Of the 
root sheaths in the region of the sebswseous glands Bonnet says, 
"This is a rendezvous of the various small meduUated nerve 
fibers which come to the hair partly above and partly below the 
sebaceous glands. These fibers going to the follicle spread out 
forming a woven net of minute meduUated fibers." 

In describing the innervation of the hair of certain mammals, 
including bats, Szymonowicz ('01) pointed out that the medul- 
lated fibers approach the follicle below the sebaceous glands, 
divide, losing their meduUation, and penetrate to the hyaline 
membrane, where some of the fibrils encircle the hair, while others 
end on the hyaUne membrane. The latter fibrils branch regu- 
larly, and run parallel with the long axis of the hair. This 
investigator observed perceptive menisci in a strongly developed 
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outer root sheath of a common hah* on the face of Vesperugo 
serotinus. 

According to the observations of Sabussow ('10) the hair of 
the flying membrane of bats is supplied with several meduUated 
nerve fibers whose number is never less than two. These fibers 
approach the hair follicle, divide, spread around the hair spirally, 
more or less in the form of a ring, give off small fibrils from the 
latter, branch, and finally end in the form of a 'palisade' on the 
hyaline membrane. The fibrils of the 'palisade' may contain 
varicosities along their courses, or their distal ends may be lance- 
shaped. The spiral ring around the 'palisade' consists of small 
varicose threads. This Sabussow holds* as a second kind of 
nerve ending on the hair. He asserts that he never saw these 
two kinds of endings, namely, the 'palisade' and the varicose 
threads of the spiral ring, at the same time in the same hair. 
From this he concludes that there exist two kinds of hairs, each 
of which is suppUed with one of these nerve terminations. 

Parallel with the spiral ring just described and more super- 
ficial, Sabussow observed a broadly meshed network of fibers 
resembling a nerve ring, and apparently surrounding the hair 
above the sebaceous glands. This network or ring, which be- 
longs to the second nerve layer, could by focusing be seen to give 
off more or less flattened fibers resembling the 'palisade.' Being 
unable to find any definite connection between the 'palisade' 
apparatus first described and this one which comes from the 
subepithelial network, Sabussow inferred that the two were 
independent. 

In the writer's deeply stained methylene blue preparations 
of the bat's skin, both of the body and of the membranes, the 
hair follicles with their numerous nerves stand out in bold contrast 
to the surrounding, weakly stained connective tissue (figs. 8, 9). 
The nerves which supply the hairs arise from the second nerve 
layer, pass outward to approximately the level of the inner third 
of the hair follicle, where, at first, they appear to pass along from 
one hair to another. But upon close examination it is seen that 
nerves may be distributed in one of two ways: (a) The whole 
fiber may end directly in a single follicle (figs. 8, 9, #) ; (b) Upon 
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approaching hairs the nerve may divide, one or two branches 
going to a follicle, the others passing out to the epidermis (figs. 
8, 9, fe). By far the greatest number of the nerves in question 
are distributed in the first way. The numerous fibers form a 
veritable network, which might justly be termed a nerve layer, 
but which for simplicity is not so considered by the present 
writer. 

As to nerve endings on the hair, it may be said that they occur 
at three different levels and in three separate layers of the foUicle: 
(1) A superficial nerve ring situated above the orifices of the se- 
baceous glands and giving off nerve threads in the connective 
tissue sheath (fig. 9, «n); (2) Fine varicose or flattened nerve 
fibrils which he immediately below the sebaceous glands, and 
end on the hyaline membrane parallel to the long axis of the 
hair (fig. 9, eh) ; (3) Nerve fibrils at the level of the lower third 
of the follicle, which take a horizontal position in the outer root 
sheath (fig. 9, eo), A further consideration of these types of nerve 
endings follows. 

1. Superficial nerve ring, MeduUated nerve fibers approach 
the hair above the opening of the sebaceous glands. At the 
outer border of the connective sheath, they divide, spreading 
around the f olhcle and forming a loose ring of from two to six or 
more fibers. From the ring are given off non-medullated fibrils, 
some of which are interwoven into a delicate network, while others 
appear to end freely in the connective tissue sheath of the f oUicle. 
This ring doubtless corresponds to the "broadly meshed network 
resembling a ring" described by Sabussow ('10) above the se- 
baceous glands. As is seen in figure 9, /, the non-medullated 
fibrils show no tendency to pass downward to a nerve ring below. 

£. Varicose or flattened nerve fibrils. Immediately below the 
sebaceous glands meduUated nerve fibers, chiefly of type (a), 
enter the region of the hair foUicle, penetrate the connective 
tissue layers, divide, losing their myehn, and encircle the hair 
in a nerve .ring. The number of fibers constituting the nerve 
ring varies from two to eight or even more. From the inside 
of the ring fibrils are given ofif which divide dichotomously. The 
branched fibrils assume a position parallel to the long axis of the 
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hair, and usually end in slight enlargements (fig. 9, eh), some of 
which are merely small varicosities, while others resemble the 
minute end-knobs seen in the free nerve terminations in the 
epidermis. In certain cases there are no enlargements, but in 
these instances the terminal fibers are flattened. This type of 
nerve ending undoubtedly corresponds to the well known nerve 
ring and 'palisade' described first by Arnstein ('76), and recog- 
nized since by Bonnet (78), Szymonowicz ('01), and Sabussow 
('10). Merkel ('80) described a similar end-apparatus on a 
conamon hair in the lip of a cat. The "termaisons en fourchette" 
of the Hoggans ('83) and the nerve rings of Retzius ('94), Van 
Gehuchten ('96) and Ostroumow ('00) are probably correspond- 
ing nervous structures. 

S. Nerve fibrils in the outer root sheath. At the Tevel of approxi- 
mately the lower third of the root of the hair, meduUated nerves 
penetrate the connective tissue layers of the follicle. When the 
hyaline membrane is reached they divide and run for a short 
distance on or near its surface. These, nerve fibers give oflf a 
few strong non-medullated fibrils which pierce the glassy mem- 
brane, and end in the outer root sheath, usually taking a hori- 
zontal position in the latter (fig. 9, eo). The nerve endings of 
this type are found in a slight swelling of the root sheath, which 
may correspond to the superior swelling described in t3rpical 
sinus hairs. So far as the writer has been able to ascertain, 
nerve endings of this type have not previously been described 
in the pelage hair of the bat. While such examples are not numer- 
ous, yet they seem to him to be genuine. Nerve endings in the 
form of tactile corpuscles were described by Szjrmonowicz ('01) 
in the outer root sheath of a hair in the face of Vesperugo serotinus. 
The same observer, in 1909, mentioned the finding of Merkel's 
corpuscles in this layer of the follicle in man. Retzius ('94) 
described a nerve fiber in the outer root sheath of a hair of a mouse, 
and Vincent ('13) found nerve fibrils in this layer of the sinus 
hair of the rat. 
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S. Special sensory end-organs 

The literature dealing with special sensory end-organs in 
general has recently been reviewed by a number of investigators: 
Szymonowicz ('95), Trejakoflf ('02), Dogiel ('03), Schafer ('10). 
Therefore only a brief survey of the observations upon such end- 
organs in the skin of bats will be given here. 

Arnstein ('76) found in the flying membrane of a bat an end- 
bulb which he thought resembled the well known cylindrical end- 
bulb of Erause. It was possible for him to trace an axis cylinder 
into the organ, but he was unable to make out the ending of 
the fiber. In one instance, however, he saw it break up into fine 
fibrils. Arnstein was of the opinion that these end-bulbs occurred 
in the flying membrane where no hairs were present. 

Schumacher, in 1907, mentioned the presence of a large num- 
ber of layer-like corpuscles ('Lamellenkorperchen') among the 
phalanges. 

Sabussow ('10) investigated the fljdng membrane of two 
species of bats (Vesperugo noctula and VespertiUo daubentonii). 
He stated that in weakly stained preparations he could see ter- 
minal bulbs which were divisible into two classes according to 
size. Some were so small that upon slight magnification it was 
difficult to see them; others were comparatively large, had a 
zigzag course, and could be recognized with ease. The latter 
could also be seen in material prepared by Apathy's after-gilding 
gold chloride method. The general characteristics peculiar to 
all end-bulbs which Sabussow observed were: (1) a longitudi- 
nal course of the fibers of the enveloping connective tissue mem- 
branes, apparent in gold preparations, and (2) a deUcate wavy 
appearance of these membranes seen in methylene blue material. 
The connective tissue nuclei did -not stain in methylene blue 
preparations, but on account of the difference of refraction, 
Sabussow thought that by focusing he could see them. He 
noted that the core of the bulb was narrow, but was unable to 
make out its finer structure. 

The consideration that led Sabussow to classify these struc- 
tures under the cyUndrical type of end-bulbs was chiefly the 



Digitized by 



Google 



322 JAMES EDWARD ACKERT 

way in which the nerve fiber ended in the interior of the bulb. 
He observed that medullated nerve fibers divided at Ranvier's 
nodes, giving off several medullated branches. Occasionally, 
one of these branches entered an end-bulb, and passed through 
the whole interior of the organ to its opposite extremity. This 
naked axis cyhnder in the bulb became sUghtly expanded, and 
ended either with a sharp point or in a thickening resembling 
a button. , 

Sabussow, in his figure 10, pictiu-ed an end-bulb stained with 
methylene blue, which he called a variation of the cylindrical 
end-bulb t3Tpe. ' He described it as follows: 

Within the bulb the axis cylinder expands, and, in the mfiddle, 
broadens into a wide, paw-like plate with deep notches in its edges. 
From this plate there is given off a fiber which bends backward and 
upward, and in turn widens into a similar paw-like plate. The sub- 
stance of the plate has a granular appearance, with here and there 
small masses of stain. 

In my own methylene blue preparations of the integument 
two kinds of special sensory end-organs have been observed. 
(1) A small elongate end-bulb into which a single medullated 
nerve fiber enters, passes approximately to the opposite end, and 
terminates in a shght enlargement (fig. 18) ; (2) A large, round, 
cellular corpuscle innervated by a single fiber which disappears 
among the cells of the organ (figs. 19, 20). A more detailed de- 
scription of each t3Tpe follows. 

a. End-hulhs. These structures occur in the corium near 
hair follicles, but clearly outside of the root sheaths. Ordinarily 
they are found below the level of the sebaceous glands, parallel 
with the long axis of the hair. Their size is approximately 1.5m 
in length by 0.5m in width. In general appearance they are 
regularly club-shaped in outline, the interior being filled with a 
semi-fluid substance. The medullated nerve, on entering the bulb, 
loses its myeUn, the sheath of which becomes continuous with the 
sheath of the end-bulb. After passing through half the length of 
the organ, the axis cyUnder expands slightly into a flat plate 
(fig. 18, p) which gives off two or three short heavy branches, and 
terminates near the end of the bulb in a small enlargement 



Digitized by 



Google 



INNERVATION OP INTEGUMENT OP CHIROPTERA 323 

(fig. 18, en). The deeply stained blue plate stands out in bold 
contrast to the weakly colored bulb about it. The distal branch 
arising from the thickened axis cylinder usually bends to one 
side, breaks up into an irregular, elongate, granular mass, and 
as such extends back through the expanded part of the bulb 
(fig. 18, &r). In the portions of the organ surrounding the plate 
and the recurrent granular mass no layers nor nuclei are visible. 
With the exception of the lack of nuclei the appearance of this 
end-bulb is practically identical with that of the structure which 
Sabussow ('10) showed in his figure 10, and which he termed a 
modified end-bulb of Krause. The absence in my preparations 
of the nucleated capsule characteristic of the cylindrical end-bulb 
of Krause can be explained by the fact that such structures do 
not ordinarily stain in methylene blue. Although these organs 
are somewhat smaller than the cylindrical end-bulbs in question^ 
their location and structure are such that the writer is inclined 
to think that they are modified cylindrical end-bulbs of Krause. 
As has been shown, the writer confirms one tsrpe of Sabussow's 
end-bulbs, the first, which closely resembles Krause's cylindrical 
end-bulb (fig. 18, Sabussow's fig, 10). But the Russian author's 
second tsrpe, namely, the large one containing a nucleated sheath, 
and having a zigzag course, has not yet been seen in the prep- 
arations used for this study. However, there are present in 
this material structures (portions of medullated nerve trunks) 
which correspond so closely to the descriptions and pictures of 
his second type of end-bulb (Sabussow's plate 1, figs. 5, 6, 7, 8, 9) 
that it appears very probable that the two are identical. In 
his figure 8, he shows 'end-bulbs,' which, to the writer, seem 
clear examples of •cut medullated fibers separating out from a 
common trunk. Sabussow himself points out that medullated 
fibers in this region branch repeatedly at the nodes of Ranvier. 
His figure 7, a picture of two so-called end-bulbs, represents 
apparently a portion of a medullated nerve fiber, which at one 
of these nodes, divides into branches. In his descriptions he 
states that the axis cylinder passes through the whole bulb to 
its very end. This is precisely what is found in a portion of a 
medullated nerve (fig. 21) when cut obUquely. The * ending' 
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of the axis cylinder appears pointed or hooked, according to 
the position of the nerve when cut. The connective tissue nuclei, 
which did not stain in methylene blue, but which Sabussow 
thought he could make out by focusing, are in the opinion of the 
writer nuclei of the sheaths of Schwann or of the perineurium. 

In the present investigation no gold chloride method was 
used, but material prepared by the Cajal silver nitrate method, 
Bielschowsky's method, or with methylene blue counter-stained 
with carmalum, has failed so far to reveal the presence of this 
second tjrpe of 'end-bulb' as described by Sabussow. 

i. Terminal corjyuscles. These comparatively large spheroidal 
corpuscles are found in the stratiun reticulare of the coriimi, 
usually at some distance beneath the lower level of the hair fol- 
licles. In methylene blue preparations they stain deeply, ex- 
hibiting a cellular appearance, and frequently showing one or 
more nuclei (figs. 19, 20). Their size, which is fairly constant, 
is approximately 20m in length by lO/x in width. Each corpuscle 
is innervated by a medullated fiber which arises from the second 
nerve layer. The fiber passes into the deeper part of the corium, 
and after giving off a few branches, enters the corpuscle, where it 
disappears among the cells. Occasionally, the fiber, on approach- 
ing the organ in question, forms a slight spiral coil (fg. 19). 
Thus far it has been impossible to trace the course of the nerve 
fiber within the corpuscle. To establish the identity of these 
organs with any of the known types of corpuscles is difficult. 
The layer-like capsules characteristic of Pacinian corpuscles are 
not apparent, but their absence may be due to incomplete stain- 
ing. They more nearly approach the size of the type in question 
than that of any other type of corpuscles commonly found in the 
mammalian skin. Their location is identical with that of Pacin- 
ian corpuscles. From the fact set forth it seems possible that 
these spheroidal, cellular bodies may be Pacinian corpuscles. 

To these two types of sensory end-organs may be added ter- 
minal varicosities, which are abundant in the region of hair 
follicles, outside of the root sheaths. Comparatively strong 
nerve fibers can be seen to enter these structures, where they 
break up into fine fibrils, and are surrounded by neuroplasm. It 
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is possible that these organs are varicosities in which the fibers 
beyond the enlargements fail to stain. But they are found 
constantly in deeply colored preparations, and moreover, are 
somewhat greater in size than those ordinarily occurring in the 
course of a fiber. Arnstein (76) described varicosities in the 
outer root sheath of sinus hairs in bats, and Sabussow mentioned 
the presence of these structiu^s on the courses of nerves out- 
side of the root sheaths, but it appears that terminal varicosities 
external to the hair follicles have not previously been observed 
in Chiroptera. 

4. Motor nerve endings on striated muscles 

Voluntary muscles in the integument of the face, especially 
in the upper Ups of bats, are well developed. In sections stained 
intra vitam with methylene blue these muscles are ordinarily 
deeply colored, the cross striations being of a sUghtly darker hue. 
Under such conditions it is usually possible to make out only 
the muscle fibers and their nuclei; but in regions somewhat re- 
moved from the larger blood vessels, where the blue stain is weak, 
one can see meduUated nerve tnmks among the muscle bundles. 
Along the muscle fibers which are stained only sufficiently to see 
their outline, it is possible to trace meduUated nerve fibers (fig. 
11, nv) which give off a small nimaber of branches. The latter 
in terminating, form motor end-plates (figs. 11, 12, mep) on the 
muscle fibers. 

It is not the purpose of the writer to enter into a discussion 
of the literature on this important subject, but merely to describe 
his observations and to mention wherein they agree or disagree 
with those of a few recent workers. For a review of the literature 
on motor nerve endings see Boeke C09), Dogiel ('06), Huber 
and DeWitt ('97). 

As a rule, the meduUated nerve fibers can be traced to the 
border of the muscle fiber. At or near the edge of the latter, the 
meduUation stops and the nerve fibers soon begin to separate 
into their component fibrillae, and finally end in a more or less 
regular end-net or arborization (figs. 11, 12, ea). This is in accord 
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with the observations of a number of investigators, including 
Boeke, who described motor end-plates on muscles in the tongue of 
the bat. 

At the point where the nerve fibers enter the enlarged motor 
end-plate there is a sUght elevation of the surface of the muscle 
(fig. 12, el). The position of end-plates on muscle fibers has been 
in doubt for some time. In the preparations used in this study 
they appear to be beneath the sarcolemma (fig. 11, sa). This 
shows especially well in cross sections of muscle fibers in the tongue 
(fig. 12, so). Most investigators are now in accord in regarding 
this structure as under the sarcolemma. 

In weakly stained preparations the branched endings can be 
seen to Ue in more or less irregularly shaped matrices. The latter 
are of two kinds: (1) A weakly stained area containing numerous 
deeply colored granules of various sizes; (2) A somewhat smaller 
area without granules. 

In shape, the former are irregularly circular or even triangular. 
The granules, which vary greatly in size, stain almost if not qtdte 
as deeply as the nerve fibrils themselves (fig. 11, mag). To 
structures corresponding to these Kiihne ('87) gave the name 
soles ('Sohlen'). The smaller areas or soles, which appear to be 
free from granules in this stain, are oval or pear-shaped, the axis 
cylinders always entering the narrowed end. Huber and De- 
Witt ('97), Dogiel ('90) and Retzius ('92) stated that the sole 
does not stain in methylene blue preparations, whether examined 
at once or fixed in ammonium molybdate and studied in sections. 
The material, from which the present observations were made, 
was prepared according to the latter method. The irregularly 
shaped matrix in which the axis cylinder terminates is typically 
granular, but the nuclei seen by Huber and others in such prepa- 
rations counter stained with carmalum or picro-carmine do not 
stain in methylene blue. In each of the two matrices or soles 
described above, the end-arborizations are nearly similar. The 
fact that Huber and the other observers mentioned failed to see 
soles whose granules stained in methylene blue preparations, may 
have been due to the inconsistency of the stain. This possibility, 
together with the fact that nerve terminations on motor plates 
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are very similar in each kind of sole described, and that the size 
of the so-called second kind comes within the possible range of 
that of the first, leads the writer to think that perhaps the ap- 
parently different kinds of soles found by him in the striated 
muscles in the epidermis of the bat are in reality one and the same 
tjrpe. In the one, the granules have stained, in the other they 
have not. 

5. Nerve endings on modified sweat glands 

So far as the writer has been able to ascertain, the literature con- 
tains no reference to the innervation of sweat glands in bats. As 
was noted elsewhere (p. 305), the modified sweat glands (fig. 10) 
have a coating of smooth muscle fibers which are arranged longitu- 
dinally (fig. 10, mu) . In a weakly stained methylene blue prepara- 
tion from the interfemoral membrane of Myotis lucifugus, such 
sweat glands have been observed with numerous stripes running 
at right angles to the^ smooth muscle fibers (fig. 10, fi). These 
stripes, which occur at comparatively regular intervals, extend 
hoop-like around the secretory portion of the gland external to 
the muscle fibers. The structures in question are much smaller 
than the muscle fibers, have a wavy course, and take the deep 
blue stain characteristic of nerve fibrils. A number (two to five) 
of delicate non-medullated nerve fibers (fig. 10, no) can be traced 
to the sides of these glands, but whether they connect with these 
circular stripes, the writer is at present unable to ascertain. 

That sweat glands are under the control of the sympathetic 
nervous system is generally recognized. As is well known, pre- 
gangUonic neurites leave the spinal cord through the ventral roots 
of the spinal nerves, and, after a shorter or longer course, termi- 
nate in some sympathetic ganglion in a very characteristic man- 
ner. Here the preganglionic neurites branch repeatedly, dividing 
into numerous small varicose nerve fibers, which interlace to form 
intracapsular plexuses around the cell bodies of the sympathetic 
neurones. It is likewise well known that in the sympathetic 
gangUa of Mammalia such intracapsular pericellular plexuses may 
be very simple, consisting of only a few varicose fibrils, as well as 
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very complex. The general structure of these pericellular plex- 
uses, the absence of definite observations upon endings of sym- 
pathetic neurites (post-ganglionic) on sweat glands, and the strik- . 
ing hoop-like arrangement of these fibrillar stripes around the 
glands, lead the writer to question whether, perhaps, the post- 
gangUonic neurites may not form simple plexuses about the glands 
more or less similar to the pericellular plexuses about the cell 
bodies of the sympathetic neurones. Such an arrangement of 
the terminal fibers of a post-ganglionic neurite would be most 
effective. The nerve threads Ijdng immediately upon the smooth 
muscle fibers and the bases of the gland cells could form functional 
connections with them. This view of the endings of post-gangli- 
onic neurites on modified sweat glands seems somewhat more 
plausible from the fact that these circular fibrillar structures appear 
about the glands only in their secretory portions, and likewise 
only in the regions covered by the longitudinal smooth muscle 
fibers. * 

WHAT SENSORY ORGANS ARE CONCERNED WHEN BLINDED BATS 
AVOm OBSTACLES WHILE ON THE WING? 

Although the present problem is primarily a morphological one, 
yet a discussion of the function of the integumentary sensory 
structures described may not be out of place here. Of especial 
interest is the question of the means by which blinded bats avoid 
obstacles while on the wing. A number of investigators, experi- 
menting with living bats, have maintained that the organ con- 
cerned in these delicate reactions is the skin. A brief summary 
of their opinions follows. 

As already noted, Cuvier thought the flying bat, on approach- 
ing an object, sets up air currents, which react on the patagium, 
enabling the animal to avoid the obstacle. 

Jobert (72) observed that, on pinching the skin, the animals re- 
sponded faintly as compared with their vigorous reactions when 
hairs were pulled out. This led him to think that the sensitive- 
ness of the flying membrane is due to the hairs. He inferred that 
cmrents of air affect the hairs and that each movement of the lat- 
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ter is transferred to the nerve ring in such a way that objects are 
perceived and avoided. 

In 1873, Redtel liberated a blinded bat in a room in which had 
been placed numerous threads. The animal avoided the threads 
successfully. From the abundance of nerves found by Schobl in 
the flying membrane, and from his own experiments, Redtel in- 
ferred that it was possible for bats to perceive the slightest change 
of air pressure upon the wings. 

Sabussow ('10), like Jobert, was of the opinion that air currents 
were set up between the object and the approaching blinded 
animal, and that by means of these currents the nerves of the 
hairs were affected. 

A few investigators have held that the organs for the perception 
of the delicate stimuU, which bring about these avoiding reactions, 
are located in the internal ear. 

Jurin ( '98), experimenting upon living bats, observed that when 
their organs of hearing were destroyed, they were unable to avoid 
obstacles placed in their way. A mutilation so pevere as this, 
however, would certainly produce shock effects which might 
affect very considerably the results of the experiments. 

Hahn ( '08) caused a large number of mutilated bats (blinded, 
ears cropped, etc.) to make a given number of flights in an en- 
closure through which numerous wires had been stretched. He 
agreed with Jurin that objects are perceived by the flying animals 
chiefly through sense organs located in the internal ear. The evi- 
dence for this was obtained by closing the external auditory 
meatus with plaster of Paris, whereupon he found that the per- 
centage of 'hits' (collisions with wires) was much higher for this 
experiment than for that of any of the others. The fact should 
not be overlooked that the placing of a hard substance like the 
one used in the meatus, and possibly against the sensitive tym- 
panic membrane, is likely to interfere seriously with the normal 
functioning of the nervous system. 

It is thus seen that the weight of evidence favors the view that 
condensations (pressures) of the atmosphere set up between the 
obstacle and the blinded bat stimulate sensory structures in the 
integument. 
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The question of what integumentary organs are concerned 
naturally arises. Organs capable of being stimulated by such 
condensations would have to meet certain requirements: (1) 
They must be distributed over the head and flying membranes 
at least, as these parts are foremost in flight; (2) They must be 
superficially located, for stimulations from air condensations are 
doubtless very slight. 

While no special nerve structures which appear to form the sole 
basis for the perception of air pressures have been observed by 
me, yet the presence of large numbers of free nerve terminations 
(end-knobs) near the surface of the epidermis seems significant. 
These structures comply with both of the requirements set forth. 
They are widely distributed over the body and membranes, and 
their superficial position among the outermost cells of the stratum 
Malpighii makes them especially well placed for the reception of 
light touch stimuU. Their mmaber in the epidermis is enormous. 

The superficial nerve rings (and their terminal fibers), though 
not located as near the surface of the integument as the nerve end- 
knobs, are so situated about the necks of the follicles as to be 
affected by even the slightest movements of the hairs. These 
nervous structures are also widely distributed over the skin and 
their position is somewhat superficial. Von Frey ('96), in his 
researches on the sense of pressure in man, has shown that pres- 
sure nerve fibrils terminate in a ring surrounding the hair follicle, 
this form of termination serving as an end-organ. This writer 
states that on account of the position of the ring, the fibrils are 
stimulated by any pressure exerted upon the hair. The other 
nerve endings on hairs of bats are farther from the surface, so 
that movements of the hair sufl5cient to stimulate them would 
probably have to be more pronounced than those produced by 
condensations of the atmosphere. 

An examination of the anatomical evidence thus indicates that 
two types of sensory end-organs in the skin of Chiroptera meet the 
requirements mentioned for the perception of air pressures. 
These are the free nerve terminations, and the superficial nerve 
rings of hairs. 
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End-bulbs and terminal corpuscles no doubt are tactUe in 
function, but their depth below the surface of the epidermis pre- 
cludes any probability that they aid in the perception of con- 
densation pressures of the air. 

In connection with the question as to which of the two sensory 
endings mentioned above functions to the greater extent in the 
perception of atmospheric pressures, it should be pointed out that 
the area of the integument supplied by superficial nerve rings is 
insignificant in comparison with the area suppUed with nerve 
end-knobs. Likewise, the number of terminal fibers of the rings 
is not to be compared with the enormous number of end-knobs in 
the epidermis. 

As is well known, the human cornea is very sensitive to delicate 
tactile stimuli. Cohnheim ( '67) has shown that the only type of 
perceptor to be found in the cornea is that of free nerve termi- 
nations. 

Goldscheider, in 1886, determined by experimentation the lo- 
cation of tactile spots on his arm, and then removed for study 
pieces' of skin containing them. Here, also, the only sensory 
structures revealed by a histological examination were free nerve 
terminations. 

The evidence thus leads to the conclusion that free nerve termi- 
nations are more important in the tactile reaction than are the 
superficial nerve rings of hairs. 

It is not, of course, to be inferred that all the free end-knobs 
function alone as pressure perceptors, for, as is well known, the . 
sensory nerves of the human skin mediate at least four different 
quahties of sensations, namely, pressure, warmth, cold and pain. 
But the number of nerve end-knobs in the skin is so great, and the 
latter in the Jbat is so sensitive to delicate tactile stimuli, that the 
nmnber of free nerve terminations in the epidermis functioning 
as pressure perceptors must necessarily be very large. 

To sum up, then : The writer is inclined to think that the most 
reasonable explanation of the avoidance of obstacles by blinded 
bats involves the assumption that condensations of the atmos- 
phere are set up between the object and the approaching bat, and 
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that these condensations are perceived by the blinded animals 
chiefly by means of the free nerve end-knobs in the epidermis, but 
also in part by the superficial nerve rings of the hair follicles. As 
the flight of these animals, when close to objects, is tolerably slow, 
it seems probable that such sensory ipipulses could be transmitted 
to the central nervous system, and motor ones be carried back to 
the muscles of the wings in time for the bats to avoid obstructions 
in their way. 

SUMMARY 

GENERAL STRUCTURE OP THE INTEGUMENT 

1. The integument of Chiroptera has a general covering of 
hair, although the soles of the feet, the mammae, the external 
genitalia, and the distal parts of the ears and of the flying and in- 
terfemoral membranes are almost naked. 

2. The skin consists of epidermis and corium. The epidermis 
is made up of a well developed stratum comemn (whose deepest 
layers, the stratmn lucidum, can be seen distinctly only in the 
palmer and plantar regions) and of a Malpighian stratum. In 
the integument of the body the Malpighian stratum contains the 
three layers commonly found in the mammalian skin, while this 
stratmn in the membranes consists at most of but two layers, and 
fpequently of but one. The corium is composed of an external 
stratum papillare, containing both simple and compound papillae, 
and of an internal stratmn reticulars 

3. Pigment granules are abundant in the Malpighian stratum, 
while in the stratum comemn they are much less nmnerous. In 
the flying and interfemoral membranes more pigment is present 
in the dorsal than in the ventral duplicature of the epidermis. 
Isolated pigment cells are of frequent occurrence throughout the 
corium. 

NERVE LAYERS OF THE mTEGUMENT 

1. In the integument and subcutis of the body three layers of 
nerves are found. The first (most internal) layer consists of 
medullated trunks in the subcutaneous tissue. By dichotomous 
branching these nerves break up into a loosely intertwined mesh- 
work, consisting of an enormous nmnber of medullated nerves. 
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and forming the second nerve layer. Arising from the latter are 
medullated fibers which pass to the stratum Malpighii. Here 
they divide, forming a simple, non-meduUated network, which 
constitutes the third nerve layer. 

2. Certain regions of the flying and interfemoral membranes 
have three layers of nerves, others but two. These are (1) A 
layer of medullated nerve trunks with numerous medullated 
branches, occurring in the stratum reticulare, but only in the 
elongated ridges containing the largest blood vessels and much 
connective tissue; (2) A double, medullated nerve layer in the 
deeper part of the corium extending throughout the membranes; 
(3) a layer, likewise double, present in the entire Malpighian 
stratum, and consisting of a large number of branching non- 
medullated nerve fibrils. 

3. Numerous varicosities are found in the corium on branches 
from the second nerve layer. 

NERVE ENDINGS IN THE INTEGUMENT 

1. Free nerve terminations occur in the Malpighian layer. 
Small medullated fibers from the third nerve layer can be 
traced out among the deeper Malpighian cells to the stratum 
granulosum, where they terminate in minute end-knobs, probably 
intercellularly. 

2. Nerve fibers supplying the hair follicles may be distributed 
in two ways: (a) The whole fiber may end directly in a single 
follicle; (b) On approaching hairs a fiber may divide, one or two 
branches going to a follicle and the others passing out to the 
epidermis. 

3. Nerves end on pelage hairs at three levels and in three differ- 
ent sheaths of the follicles. These endings are: (1) A super- 
ficial nerve ring situated above the orifices of the sebaceous 
glands, and giving off nerve threads in the connective tissue 
sheath; (2) fine, varicose or flattened nerve fibrils which lie im- 
mediately below the sebaceous glands, and terminate on the hy- 
aline membrane parallel to the long axis of the hair; (3) Nerve 
fibrils at the level of the lower third of the follicle, which usually 
take a horizontal position in the outer root sheath. 
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4. Two types of special sensory end-organs are found in the 
skin : (1) A small elongate end-bvJb into which a single medullated 
nerve fiber enters, passes approximately to the opposite end, and 
terminates in a slight enlargement; (2) A large, round, cellular 
terminal corpuscle innervated by a single fiber whose branches 
disappear among the cells of the organ. 

5. Terminal varicosities are abundant in the region of the hairs 
outside of the sheaths of the follicles. 

6. In the skin of the face, especially, striated muscles are well 
developed. Motor end-plates occiu* on these muscles. In the 
integument the end-plates appear to be beneath the sarcolenmia, 
and in the muscles of the tongue these plates are clearly below the 
sarcolemma. 

7. Small fibers resembling sympathetic post-ganglionicneurites 
extend hoop-like around the large modified sweat glands external 
to the longitudinally arranged smooth muscle fibers. 

8. Blinded bats, when on the wing, probably perceive obstacles 
through the sense of touch by the effect of condensations of tJie 
atmosphere (produced on approaching the object) upon the free 
nerve terminations in the epidermis and the superficial nerve 
rings of the hair follicles. 
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EXPLANATION OF FIGURES 

All figures are from bat integument except figure 12, which is from bat's tongue. 
All, with the exception of figures 2 and 3, were drawn with the aid of the camera 
lucida. Figures 2 and 3 were drawn with the aid of the Spencer projection appa- 
ratus. The magnifications follow the descriptions of the figures. 



PLATE 1 

EXPLANATION OF FIGURES 

1 Part of a transverse section of the skin of the face; pg, pigment granules; 
malf stratum Malpighii; scy stratum corneum. Fixed in corrosive-acetic, and 
stained in hematoxylin and eosin. X 375. 

2 Portion of transverse section of integument at base of thumb, co, corium; 
malj stratum Malpighii; pc, pigment cell; sc, stratum corneum; si, stratum luci- 
dum. Fixed in corrosive-acetic, and stained in hematoxylin and eosin. X 250. 

3 Transverse section of modified sweat gland from wing membrane; hm, base- 
ment membrane; cc, columnar cells; mf, smooth muscle fibers; mrij nucleus of 
smooth muscle fiber. Stained intra vitam with methylene blue, fixed in ammo- 
nium molybdate, and counter-stained with Mayer's carmalum. X 750. 

4 Part of a transverse section of skin of face; ep, epidermis; /?/, hair follicle; 
sgly sebaceous gland ; snl, second nerve layer; tnl, third nerve layer. Stained intra 
vitam with methylene blue, and fixed in ammonium molybdate. X 375. 
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PLATE 2 



EXPLANATION OF FIGURES 



6, 7 Portions of epidermis of interfemoral membrane; e, end-knob (free nerve 
termination); c«, end-knob on surface of cell; n, nerve of third layer; sgr^ cell of 
stratum granulosum; x, terminal fiber without end-knob. Stained intra vitam 
with methylene blue, and fixed in ammonium molybdate. X 575. 

10 Portion of modified sweat gland from interfemoral membrane; fit hoop- 
like fibril resembling sympathetic nerve fibril; wu, smooth muscle fiber; nOj 
non-medullated nerve. Stained intra vitam with methylene blue, and fixed in 
ammonium molybdate. X 575. 

11 Striated muscle from upper lip; ea, end arborization; magj matrix of motor 
end-plate; mw, striated muscle fiber; nu, nucleus; nv, motor nerve fiber; sa, sarco- 
lemma. Stained intra vitam with methylene blue, and fixed in ammonium molyb- 
date. X 1500. 

12 Transverse sections of striated muscles of tongue; ea, end arborization; 
el, elevation where axis cylinder pierces the sarcolemma; ma, matrix of motor 
end-plate without granules; rnep, motor end-plate; sa, sarcolemma. Stained 
intra vitam with methylene blue, and fixed in ammonium molybdate. X 1500. 
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PLATE 3 



EXPLANATION OF FIGURES 



5 Pigment cells in the cerium of skin of face; a, cell with granules unstained; 
6, cell containing both stained and unstained granules; c, cell with granules 
stained. Stained intra vitam with methylene blue, and fixed in ammonium molyb- 
date. X 750. 

8 Portion of transverse section of skin of back; ep, epidermis; fe, nerve fiber 
giving one branch to hair follicle and one to epidermis;^, whole fiber ending in 
hair follicle. Stained intra vitam with methylene blue, and fixed in ammonium 
molybdate. X 166. 

9 Longitudinal section of hair follicle; drawn from a methylene blue prepara- 
tion, but some features of the hair sheaths added from other preparations; c«, 
connective tissue sheath; eh, nerve endings on hyaline membrane; eo, nerve end- 
ings in outer root sheath;/, fibrils from superficial nerve ring;/f, nerve fiber giv- 
ing one branch to hair follicle and one to epidermis ; jf, whole fiber ending in single 
follicle; h, hyaline membrane; /is, hair shaft; o, outer root sheath; sgU sebaceous 
gland; sn, superficial nerve ring. Stained intra vitam with methylene blue, and 
fixed in ammonium molybdate. Other features from preparations fixed in 
Zenker's fluid, and stained in hematoxylin and eosin. X 750. 

13 Portion of transverse section of wing membrane showing varicosity on 
fiber terminating in epidermis; mnl, stratum Malpighii; sc, stratum corneum; ua, 
varicosity. Stained intra vitam with methylene blue, and fixed in ammonium 
molybdate. X 1500. 
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EXPLANATION OP FIGURES 



14, 15, 16, 17 Varicosities on nerve fibers in skin of face. Stained intra vitam 
with methylene blue, and fixed in ammonium molybdate. X 1500. 

18 End-bulb from upper lip; 6r, distal branch of axis cylinder; en, enlarged 
ending of axis cylinder; p, plate (expanded axis cylinder). Stained intra vitam 
with methylene blue, and fixed in ammonium molybdate. X 1500. 

19, 20 Terminal corpuscles in skin of back; nu, nucleus. Stained intra vitam 
with methylene blue, and fixed in ammonium molybdate. X 750. 

21 Section of nerve trunk from interfermoral membrane; ax, axis cylinder 
Stained intra vitam with methylene blue, and fixed in ammonium molybdate. 
X 166. 
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VITA 

The writer was bom August 31, 1879, at Woosung, Illinois. 
He received his elementary education in country schools in the 
vicinity of Dixon, Illinois. After teaching two years in a simi- 
lar school, he attended the Northern Illinois State Normal 
School, De Kalb, Illinois, completing the three-year course in 
this institution in June, 1903. The four succeeding years he 
was principal of the Algonquin (111.) High School where he 
taught zoology, entomology and physiology. In 1907 the writer 
entered the University of Illinois, Urbana, Illinois, registering 
in the General Science course and majoring in zoology. Two 
years later he was graduated from this institution, with the 
degree of Bachelor of Arts. The two years following (1909-1911) 
he pursued graduate work in zoology at Illinois, serving at the 
same time as graduate assistant in this subject, and received 
the degree of Master of Arts at the end of this period. During 
the years of. 1911-1912 and 1912-1913, while continuing his 
graduate work on a fellowship, he investigated a problem in 
connection with the vertebrate nervous system. 

In the last few years the writer has taken a six weeks' course 
at the University of Illinois Biological Station, Havana, Illinois; 
spent three weeks at the Biological Station of the University of 
Colorado, Tolland, Colorado, taking notes on the fauna and 
flora of the region; and worked six weeks at the San Diego 
Marine Biological Station, La JoUa, California, collecting and 
identifying specimens. The writer is a member of the following 
scientific societies: Illinois State Academy of Science, American 
Microscopical Society, Sigma XI, and the American Association 
for the Advancement of Science. 

Titles of articles published: ''Observations on white-footed 
mice,'' Nature Study Review, vol. 6, pp. 137-140, 2 fig. *'0n a 
tactile organ in the cheek of the mole, Scalops aquaticus." 
Anat. Anz., vol. 41, pp. 341-347, 5 fig. 
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